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Anatomy of the long head of biceps femoris: an ultrasound study 
 
ABSTRACT 
Introduction: Hamstring strains, particularly involving biceps femoris long head (BFlh) at 
the proximal musculotendinous junction (MTJ), are commonly experienced by athletes. With 
the use of diagnostic ultrasound increasing, an in-depth knowledge of normal 
ultrasonographic anatomy is fundamental to better understanding hamstring strain. This study 
aimed to describe the architecture of BFlh, using ultrasonography, in young men and cadaver 
specimens. Materials and Methods: BFlh morphology was examined in 19 healthy male 
participants (mean age 21.6 years) using ultrasound. Muscle, tendon and MTJ lengths were 
recorded and architectural parameters assessed at four standardised points along the muscle. 
Measurement accuracy was validated by ultrasound and dissection of BFlh in six male 
cadaver lower limbs (mean age 76 years). Intra-rater reliability of architectural parameters 
was examined for repeat scans, image analysis and dissection measurements. Results: 
Distally the BFlh muscle had significantly (p<0.05) shorter fascicles and larger pennation 
angles than proximal sites. Agreement between ultrasound and dissection (cadaver study) 
was excellent for all architectural parameters, except pennation angle (PA), and MTJ length. 
All other measures demonstrated good-excellent repeatability. Conclusions: BFlh is not 
uniform in architecture when imaged using ultrasound. It is likely that its distal most segment 
is better suited for force production in comparison to the more proximal segments, which 
show excursive potential, traits which possibly contribute to the high rate of injury at the 
proximal MTJ. The data presented in this study provide specific knowledge of the normal 
ultrasonographic anatomy of BFlh, which should be of assistance in analysing BFlh injury 
via imaging. 
Key words: ultrasonography; muscle, skeletal; tendons 
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INTRODUCTION 
Hamstring strains are one of the most common injuries sustained by athletes, particularly in 
sports involving dynamic muscle movements such as sprinting and kicking (Brockett et al., 
2004; Proske et al., 2004; Hoskins and Pollard, 2005; Petersen et al., 2010; Eirale et al., 2013; 
Orchard et al., 2013). These injuries, which are often recurrent (Croisier et al., 2002; Verrall 
et al., 2006; Petersen et al., 2010; Eirale et al., 2013; Orchard et al., 2013), can result in long 
periods of exclusion from competitionand a delay in return to pre-injury levels of activity 
(Gibbs et al., 2004; Petersen et al., 2010; Eirale et al., 2013; Orchard et al., 2013). Several 
factors increase the likelihood of hamstring strains including their two-joint anatomy and 
their forceful activation during eccentric contractions (Mair et al., 1996; Thelen et al., 2005; 
Opar et al., 2012). Injuries to the long head of biceps femoris (BFlh) are of particular interest, 
as they constitute over 80% of all hamstring strains (Kouloris & Connell, 2003; Ekstrand et 
al., 2012), with most strains occurring proximally at the musculotendinous junction (MTJ) 
(De Smet and Best, 2000; Slider et al., 2008; Slider et al., 2010). The frequency and 
consequences of these injuries promote the need to understand the normal anatomy of the 
hamstring muscles so to enhance clinical assessment and rehabilitation.  
 
Muscle architecture is an important factor in models of hamstring strain injury (Mendiguchia 
et al., 2011). A muscle may be composed of anatomical segments defined by unique 
architectural differences (e.g. fascicle length, fascicle orientation) throughout its length 
(Wickham and Brown, 1998; Sakoma et al., 2011;Tosovic et al., 2012). Several segments 
may be present within a muscle, each of which may differ in function and neuromuscular 
activation (Wickham et al., 2004) and thus possibly in their predisposition to injury. 
Morphological data pertaining to BFlh have been reported inseveral studies (Seidel et al., 
1996; Woodley & Mercer, 2005; Makihara et al., 2006; Kellis et al., 2010; Lieber, 2010; van 
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der Made et al., 2013). However, few have focused on segmental architecture (Woodley and 
Mercer 2005; Kellis et al., 2010), and most data have been derived fromlinear measures in 
cadaver specimens. Ultrasound imaging is increasingly being used in the assessment of 
hamstring injuries (Kouloris & Connell, 2006; Petersen et al., 2014), and more recently this 
technique has been employed to investigate normal hamstring architecture (Blackburn et al., 
2009; Kellis et al., 2010; Abe et al., 2014; Blackburn and Pamukoff, 2014; e Lima et al., 
2015; Palmer et al., 2015). However, with the exception of one cadaver study (Kellis et al., 
2010), sonographic research has largely been directed towards obtaining whole muscle 
measurements rather than examining potential architectural variations that may be evident 
throughout the length of BFlh. Therefore, determining the morphology of BFlh with 
ultrasound in a healthy population, particularly the anatomy of its segments, may contribute 
to a better understanding of hamstring strain, aid with interpreting images of hamstring 
injury, and so facilitate rehabilitation. 
 
The principle aim of this study was to document the ultrasonographic anatomy of BFlh in 
young healthy men, and to determine whether it is possible to distinguish individual segments 
within the muscle. Secondary objectives were to validate the sonographic measurements 
using cadaver specimens and to provide information on the repeatability of the sonographic 
and dissection measures.  
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MATERIALS AND METHODS 
Healthy Volunteer Study 
Participants 
Twenty physically active males (Pate et al., 1995) aged 18-30 years old (mean age, 21.6±2.3 
years; mean BMI, 24.7±2.6kg/m
2
) were recruited from the local community. Participants 
were excluded if they had a history of posterior thigh injury (acute or chronic) or any 
systemic musculoskeletal disorder. Ethical approval was granted by the University Human 
Ethics Committee (reference: 13/084) and written informed consent was obtained.  
 
Ultrasound Imaging 
Ultrasound scans were performed by an experienced sonographer (JM) using a Siemens 
Sonoline Antares
TM
 ultrasound machine (Siemens Medical Solutions USA, Inc., Malvern, 
PA) with a VF10-5 line array probe (5-10 MHz; Siemens). Extended field-of-view 
technology was utilised to capture images that encapsulated the full length of muscle 
fascicles. Participants were positioned prone with their lower limbs extended in neutral 
rotation and scanned bilaterally. 
 
The insertion sites of BFlh at the ischial tuberosity (proximally) and the head of the fibula 
(distally), along with the most proximal and distal extents of muscle fibre insertion onto the 
proximal and distal tendons respectively, were scanned and the position of each was marked 
on the skin. Using these skin markings the following lengths were recorded with a flexible 
tape measure: total muscle-tendon, total muscle (ML; exclusive of distal free tendon), 
proximal musculotendinous junction (MTJ) (incorporating the proximal free tendon, as it was 
not possible to isolate and measure this structure due to its short length), distal MTJ and distal 
free tendon (devoid of any muscle fibre insertion) (Woodley and Mercer, 2005; Askling et 
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al., 2007). Additional scans were then taken systematically, at four points along BFlh, namely 
at 30%, 50%, 70% and 90% of the total muscle length (Kellis et al., 2009), to examine 
muscle thickness (MT), fascicle length (FL) and pennation angle (PA). With the ultrasound 
probe oriented in the transverse plane, MT was measured at the time of scanning and was 
defined as the vertical length between the superficial and deep aponeuroses at each 
measurement site (Kellis et al., 2009) (Figure 1A). Still ultrasound images were also taken 
with the probe aligned along the long axis of BFlh, and these images were imported as 
DICOM files into ImageJ (National Institutes of Health, Bethesda, Maryland, USA) for 
analysis of FL and PA (undertaken by DT) (Figure 1B). Fascicle length (mm) was defined as 
the length of an entire muscle fascicle that extended from the superficial aponeurosis to the 
deep intramuscular aponeurosis and was calculated by setting the appropriate scale and using 
the ‘straight line tool’. Pennation angle (
o
) was defined as the angle between the superficial 
aponeurosis and a clearly visible fascicle, measured using the 'angle tool' (Kawakami et al., 
1993). 
 
Intra-observer Reliability 
To assess reliability, both limbs from five participants were rescanned after a period of at 
least three days (JM) at each of the four predetermined regions, and all architectural 
parameters were remeasured. In addition, repeat measurements of FL and PA from still 
ultrasound images of both limbs from five randomly selected participants were performed 
(DT). The investigators were blinded to their original measurements for both procedures. 
 
INSERT FIGURE 1 HERE 
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Cadaver Validation Study 
Specimens 
The BFlh was investigated in six lower limbs from three embalmed male cadavers (mean age 
at death 76 years, range 65-86 years) bequeathed to the Department of Anatomy, University 
of Otago under the New Zealand Human Tissue Act (2008), using a combination of 
ultrasound and dissection. 
 
Ultrasound Imaging 
The same ultrasound protocol was used as for the healthy volunteer study, with the exception 
that following the scans at 30%, 50%, 70% and 90% of muscle length, pins were inserted into 
the muscle at each point, so to serve as reference for the dissection phase. 
 
Dissection 
The skin, superficial and deep fascia of the gluteal region and posterior thigh, and the gluteus 
maximus muscle were resected, taking care not to disturbthe pins. As for the healthy 
volunteer study, a flexible tape measure was utilised to measure larger parameters such as 
ML, proximal and distal MTJ lengths, as well as distal free tendon length. At each pinned 
region of BFlh, MT (mm) was recorded using electronic calipers (Tresna, point digital sliding 
calipers SC02, Germany). The muscle was then sectioned longitudinally in order to measure 
FL (calipers) (Figure 2) and PA using a standard protractor. These parameters were measured 
at the point that the pin penetrated the superficial aponeurosis. 
 
INSERT FIGURE 2 HERE 
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Intra-observer Reliability 
Measures pertaining to all architectural parameters except PA and FLwere measured a second 
time; at least four days apart, for four of the six specimens. 
 
Statistical Analyses 
Data were exported to a Microsoft Excel spreadsheet and means and standard deviations of 
all morphometric parameters calculated, and where relevant, mean values were calculated for 
the BFLh as a whole (cadaver study n=6; healthy volunteer study n=19). Fascicle 
length/muscle length (FL/ML) ratio was calculated by dividing the mean fascicle length 
determined for each scan site by muscle length (Lieber, 2010). One-way analysis of variance 
(ANOVA; GraphPad Prism software) was used to assess for statistically significant 
differences between the four scan points for measures of FL, PA, MT and FL/ML ratio in the 
living participants. A p-value of <0.05 was considered statistically significant. 
 
Intraclass correlation coefficients (ICC) were calculated and analysed using the criteria of 
Landis and Koch (1977) to compare the reliability of (a) measures obtained from repeat scans 
as well as (b) the intra-observer reliability of measurements taken from the still ultrasound 
scans (healthy volunteer study) and (c) measurements obtained from ultrasound and 
dissection (cadaver study). For the latter, recordings from all four respective measurement 
sites were pooled to calculate ICC values. Additionally, architectural measurements obtained 
via ultrasound from both the healthy volunteers and cadavers were compared using unpaired 
student t-tests (GraphPad Prism software).  
 
 
 
Page 7 of 32
John Wiley and Sons, Inc.
Clinical Anatomy
This article is protected by copyright. All rights reserved.
 ANATOMY OF THE LONG HEAD OF BICEPS FEMORIS  
 
8 
RESULTS 
Healthy Volunteer Study 
Muscle architecture 
The results obtained from 19 healthy male volunteers using ultrasound are presented in Table 
1. Data from one participant were excluded due to poor image quality. 
 
INSERT TABLE 1 HERE 
 
The proximal BFlh (30% ML) had a significantly smaller pennation angle than the three 
other measurement sites (P<0.05). Conversely, the distal part of BFlh (90%ML) had 
significantly shorter fascicles than the other measurement sites (P<0.05). The two middle 
portions of BFlh (50% and 70% ML) were significantly thicker than each of the peripheries, 
whilst the most distal site was significantly thinner than the rest (P<0.05). Similar to FL, the 
distal part of BFlh (90% ML) had a significantly smaller FL/ML ratio than the other 
measurement sites. The proximal MTJ extended over 76.9% of the total muscle length of 
BFlh, whilst the distal MTJ extended over 49.76% of the total muscle length. The overlap of 
the two MTJs was contained within approximately 27% of the ML. 
 
Intra-observer Reliability 
Intra-observer reliability for the measurements taken from repeat scans was excellent for 
most architectural parameters (ICC: PA 0.81, proximal MTJ length 0.81, FL 0.91, MT 0.92, 
distal MTJ length 0.93, ML 0.93), with the exception of distal free tendon length (very good; 
ICC 0.71) and total muscle-tendon length (very good; ICC 0.73). Similarly reanalyses of the 
ultrasound images showed excellent reliability for both fascicle length (ICC 0.97) and 
pennation angle (ICC 0.97). 
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Cadaver Validation 
Architectural data from dissection and ultrasound of the six cadaver specimens are presented 
in Table 2. An excellent level of agreement between the two methods of measurement was 
observed for the majority of measurements with the exception of proximal MTJ length 
(average) and distal MTJ length and PA (poor).  
 
INSERT TABLE 2 HERE 
 
Intra-observer Repeatability 
Intra-observer repeatability for repeat measurements of muscle architecture obtained from the 
cadavers was excellent for most measures, (ICC: distal MTJ length 0.95, ML 0.97, proximal 
MTJ length 0.97, total muscle-tendon length 0.99, MT 0.99), with the exception of distal free 
tendon length, which was very good (ICC 0.78).  
 
Comparison between ultrasound data obtained from healthy volunteers and cadavers showed 
that PA, MT, ML, proximal MTJ length and distal MTJ length were significantly (P<0.05) 
larger in the healthy participants. No significant difference was found between total muscle-
tendon length and FL, whilst distal free tendon length was significantly (P<0.05) longer in 
the cadavers (Table 3). 
 
INSERT TABLE 3 HERE 
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DISCUSSION 
In young healthy men, architecture was variable throughout the length of BFlh. Of note the 
distal most part of the muscle (90% ML) contained shorter fascicles which were more 
pennated than its proximal most site (30% ML). This arrangement is typical of muscles 
designed for force production, where the pennated orientation allows for a relatively greater 
number of fascicles to be packed in the muscle, parallel to each other (Wickiewicz et al., 
1983; Aagaard et al., 2001). Thus, it appears that the proximal segment of BFlh has larger 
excursive potential (FL/ML ratio = 0.25) compared to its distal region (90% ML; FL/ML 
ratio = 0.22) (Table 1), which appears better suited to force generation. A three-dimensional 
muscle model created by Rehorn and Blemker (2010) demonstrates that non-uniform 
stretching occurs within BFlh, with the largest degree of muscle stretch localised near the 
proximal MTJ during activated muscle lengthening (eccentric contractions). The results of 
our study compliment these findings as the two most proximal segments with the largest 
fascicle lengths, would theoretically have the highest excursive potential (FL/ML ratio = 0.25 
and 0.26, respectively) (Table 1). 
 
Perhaps the fundamental difference in proximal and distal muscle architecture may contribute 
to understanding why the majority of BFlh strains occur at the proximal MTJ (De Smet and 
Best, 2000; Slider et al., 2008). Pennated muscles are able to utilise the length-tension curve 
more effectively as they have the ability to produce a larger amount of force over a smaller 
range of motion (Astrand et al., 1986). Consequently, their length-tension curve is narrower, 
indicating that applying the same length of stretch to a pennate muscle as a parallel-fibred 
muscle would be more detrimental to force production over greater lengths. However, the 
findings from Rehorn and Blemker (2010) would suggest that this detrimental effect on force 
production would not affect the distal portion of BFlh as significantly, as the lengthening 
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experienced distally is not as great as that at the proximal MTJ. Therefore, it appears that the 
distal segment is better equipped to avoid the lengthening that occurs at the proximal most 
segment. Furthermore, Garrett et al (1988) investigated muscles of various architectures to 
determine the degree of elongation, relative to resting fibre length that was required to reach 
failure point (rupture). Their results showed that pennated muscles had the ability to elongate 
to a greater degree before experiencing ruptures. Given that the proximal segment of BFlh 
was found to have longer fascicle lengths and smaller pennation angles, it may possess a 
reduced capacity to elongate/adjust to changes in length, in turn meaning that this 
architecture may contribute in some part to the high rate of strains experienced at the 
proximal MTJ. 
 
Muscle thickness is a good indicator of muscle size and cross-sectional area (Takai et al., 
2011), both of which are related to the force producing capacity of a muscle (Wickiewicz et 
al., 1983; Lieber and Friden, 2000). In this study the two middle-most sites were found to be 
significantly thicker than both peripheries, a morphology expected from a fusiform shaped 
muscle (Sanchez et al., 2006). Thus, the sheer size of these two segments could result in them 
being able to contribute the greatest amount of the force generated by the muscle, irrespective 
of their fascicular orientation. 
 
In general, ultrasound measures of mean BFlh MT, total muscle-tendon length and PA from 
the healthy male participants in our study were similar to previous reports (Chelboun et al., 
2001; Blackburn et al., 2009; 2014; e Lima et al., 2015; Palmer et al., 2015). Although MT 
measures were found to be within the range reported in two recent studies (22.7±4 mm - 
36.6±4.9mm), there appears to be large discrepancy between these reports (e Lima et al., 
2015; Palmer et al., 2015). This variability may relate to the difference in the size of the 
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respective participant groups, with BMI values ranging from 24.44kg/m
2
to 26.15kg/m
2.
. 
Similar to MT measures, the mean BMI of participants from our study (24.7±2.6kg/m
2
) was 
within the range of the aforementioned reports. FL measures (77.9±14mm) were similar to 
those documented by e Lima et al (2015) (87.7±10.2mm), although substantially shorter than 
reported by both Chelboun et al (2001) (~110mm) and Blackburn et al (2014) (141±45mm). 
Differences may be attributed to methods of measuring captured images, with one study 
relying upon extrapolation of fascicles to estimate length (Blackburn et al., 2014), and the 
other piecing together a montage of a series of images (Chelboun et al., 2001). In this study 
we were able to determine FL using extended field-of-view technology which allowed 
panoramic images of longer fascicles to be captured, encapsulating their full length.  
 
To the best of our knowledge, this is the first study to document the normal anatomy 
throughout the length of the BFlh muscle in healthy living participants, meaning direct 
comparison to other studies is limited. However, when compared with the work of Kellis et al 
(2010), who similarly investigated four sites along BFlh (in cadavers), we find agreement 
around longer fascicles being confined to the proximal part of the muscle. This finding was 
also supported by the segmental ultrasound data from our cadaver specimens (in relative but 
not absolute terms), whereby the most proximal site displayed the largest mean FL. Contrary 
results were observed for PA and MT. Kellis et al (2010) reported the proximal section to be 
the thickest (with the largest PA), with dimensions progressively reducing at the subsequent 
distal sites, whereas data from both our healthy individuals and cadaver specimens 
demonstrated that the most proximal part of BFlh had the smallest mean PA, while the two 
middle sites were the thickest. However, as smaller muscle volumes and cross-sectional areas 
are observed in aged cadavers (Kirkendall and Garrett, 1998; Lexell and Downham, 1992), 
these differing outcomes may be expected if a non-uniform loss of muscle tissue had 
Page 12 of 32
John Wiley and Sons, Inc.
Clinical Anatomy
This article is protected by copyright. All rights reserved.
 ANATOMY OF THE LONG HEAD OF BICEPS FEMORIS  
 
13 
occurred. Interestingly, in our study MT in the cadaver specimens showed a similar trend to 
that of healthy participants, although the values were significantly smaller, indicating uniform 
muscle loss across the different sites investigated. 
 
The apparent effects of ageing are further demonstrated by comparison of ultrasonographic 
data from young men and male cadavers. Most architectural parameters, including PA, MT, 
ML, and MTJ lengths were significantly smaller in the cadavers. As a consequence of 
decreased ML, distal free tendon length was in turn found to be significantly longer in 
cadavers. Interestingly, no significant difference was observed for FL between the two 
groups. However, this outcome perhaps clarifies why a smaller PA was observed in cadavers, 
as a reduced PA would be required to accommodate fascicles of the same length in a muscle 
which has become thinner (decreased MT). 
 
Measurement reliability is an important factor when considering the potential clinical utility 
of any ultrasound protocol. As ultrasound is highly operator dependent (Bianchi et al., 2005), 
it is positive that good to excellent repeatability was established for the measurements 
recorded within this study (scans, image analysis and dissection). Similar reliability was 
evident when comparing ultrasound and dissection, with the exception of PA, and MTJ 
lengths which displayed a poor to average level of agreement. Unlike FL and MT, the results 
obtained for PA differ from previous studies which report excellent agreement (Kellis et al., 
2009; Chelboun et al., 2001). However, the absolute mean difference in PA between 
ultrasound and dissection was small (2.7
o
), and as the changes in PA across the muscle were 
also small, the error rate is likely to be higher than it would befor measures of larger 
architectural parameters such as FL. Different measurement methods may also influence 
repeatability, with values derived from computer-based analysis likely to be more accurate 
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than those taken using a standard protractor. The low level of agreement for measuring 
proximal and distal MTJ lengths was unexpected. It is possible that the two-dimensional 
nature of ultrasound contributed to difficulties in consistently detecting the tapering tendon 
endings within the muscle belly.  
 
Limitations 
The present study assessed intra-rater reliability, however as mentioned previously, 
ultrasound is reliant on the skills of the operator (Bianchi et al., 2005), so assessing inter-rater 
reliability would be of additional value to incorporate into future studies. Male participants 
and cadavers were included in this study given that men are most likely to sustain a 
hamstring strain (Cross et al., 2013), but it would be interesting to examine whether females 
demonstrate similar muscle-tendon architecture. Similarly, investigating the ultrasonographic 
anatomy of the hamstring complex as a whole is necessary to appreciate the relationship 
between BFlh and the other muscles in this group, given not all injuries are isolated to BFlh. 
Normalising the data in relation to body height would have optimised comparison of 
architectural data between the healthy volunteers and cadaver specimens. However, this was 
not possible as height data were unavailable for the cadavers. Taking this into consideration, 
it may be possible that the differences in muscle-tendon length measurements between the 
two groups could be attributed to potential differences in height, particularly given the 
relatively small sample size of the cadaver validation study. 
 
Conclusions 
Ultrasonographic investigation has revealed novel data which indicate that segments of the 
BFlh muscle are not uniform with respect to their architecture. The functional implications of 
the morphological differences observed between the most distal and more proximal segments 
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of BFlh may provide further insight into why the proximal MTJ is most predisposed to 
injury. Furthermore, this study provides a detailed account of the normal ultrasonographic 
anatomy of BFlh, which will be of assistance in analysing BFlh injury through imaging.  
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Figure Legends: 
 
Figure 1: Ultrasound images of the long head of biceps femoris at 70% of the muscle length. 
(A)Transverse images were used to measure muscle thickness (arrow) and (B) fascicle length 
(solid line) and pennation angle (curved-dashed line) were measured using longitudinal 
images. 
 
Figure 2: An example of fascicle length measurement using digital calipers, taken following 
dissection and longitudinal sectioning of biceps femoris long head 
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Table Legends:  
 
Table 1: Mean (SD) architectural measures of BFlh, obtained with ultrasound in healthy 
male participants (n=19). Abbreviations: ML, muscle length (from origin, excluding free 
distal tendon); MTJ, musculotendinous junction; SD, standard deviation. *indicates 
significant difference to all other measurement sites; ^indicates significant difference 
(P<0.05) to both the most distal (90% ML) and proximal (30% ML) sites.  
 
Table 2: Mean (SD) measures of BFlh architectural data obtained with ultrasound and 
dissection, cadaver study (n=6). Abbreviations: ICC, Intraclass correlation coefficient; CI, 
confidence interval; ML, muscle length (from origin, excluding free distal tendon); SD, 
standard deviation. 
 
Table 3: Comparison of mean (SD) BFlh architectural data obtained using ultrasound from 
19 healthy participants and 6 cadaver lower limbs. *indicates significant difference (P<0.05) 
between corresponding ultrasound measurements. Abbreviations: SD, standard deviation. 
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Figure 1: Ultrasound images of the long head of biceps femoris at 70% of the muscle length. (A) Transverse 
images were used to measure muscle thickness (arrow) and (B) fascicle length (solid line) and pennation 
angle (curved-dashed line) were measured using longitudinal images.  
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Figure 2: An example of fascicle length measurement using digital calipers, taken following dissection and 
longitudinal sectioning of biceps femoris long head  
131x65mm (150 x 150 DPI)  
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All measurements are in mm except for pennation angle (°) and fascicle length/muscle length ratio 
 
 
Architectural 
parameter 
 
Ultrasound measurement site 
Mean (SD) 
 
Whole 
muscle 
Mean (SD) 30% ML 50% ML 70% ML 90% ML 
 
Muscle thickness 
 
27.2 (5.6) 
 
36.4 (5.7)^ 
 
34.5 (5.9)^ 
 
13.7 (6.5) 
 
27.9 (10.7) 
 
Fascicle length 
 
80.5 (12.0) 
 
82.7 (12.7) 
 
77.6 (13.3) 
 
70.6 (15.1)* 
 
77.9 (14.0) 
 
Pennation angle 
 
10.9 (2.8)* 
 
13.9 (2.8) 
 
14.5 (3.0) 
 
13.5 (2.7) 
 
13.2 (3.1) 
 
Total muscle-tendon 
length  
 
420.9 (18.1) 
 
Total muscle length 
 
322.9 (17.2) 
 
Fascicle 
length/muscle length 
ratio 
 
0.25  
(0.03) 
 
0.26 
(0.04) 
 
0.24  
(0.04) 
 
0.22*  
(0.05) 
 
0.24  
(0.04) 
 
Proximal MTJ length 
(including proximal 
tendon) 
 
 
248.3 (17.5) 
 
Distal MTJ length 
 
160.7 (16.7) 
 
Distal free tendon 
length 
 
98.0 (11.5) 
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Table 2 
Architectural 
parameter 
Method 
Measurement site 
Mean (SD) 
Whole 
muscle 
Mean 
(SD) 
ICC  
(95% CI) 30% 
ML 
50% 
ML 
70% 
ML 
90% 
ML 
Pennation angle 
Ultrasound 
9.3 
(2.2) 
11.5 
(3.6) 
12.3 
(3.8) 
9.9 
(1.6) 
10.7 
(3.0) 0.32 
(-0.24-0.67) 
Dissection 
7.5 
(2.6) 
8.8 
(0.8) 
8 
(2.3) 
7.5 
(2.9) 
8.0 
(2.2) 
Fascicle 
length 
Ultrasound 
82.8 
(13.7) 
80.5 
(13.5) 
73.3 
(17.1) 
69.7 
(9.3) 
76.6 
(13.9) 0.82 
(0.59-0.92) 
Dissection 
88.3 
(19.9) 
83.5 
(20) 
79.8 
(20.6) 
74.3 
(20.2) 
81.5 
(19.5) 
Muscle 
thickness 
Ultrasound 
13.4 
(3.4) 
19.8 
(3.5) 
18.7 
(2.2) 
7.6 
(0.9) 
14.9 
(5.6) 0.99  
(0.99-0.99) 
Dissection 
12.1 
(2.9) 
18.7 
(1.0) 
19.8 
(1.7) 
6.3 
(0.7) 
14/2 
(5.8) 
Total muscle-
tendon length 
Ultrasound 415.8 (40.5) 0.98 
(0.37-0.99) Dissection 425.8 (43.6) 
Total muscle 
length 
Ultrasound 297.3 (24.0) 0.84 
(-0.18-0.98) Dissection 316.7 (34.0) 
Proximal MTJ 
length  
Ultrasound 217.9 (23.3) 0.61 
(-0.43-0.95) Dissection 217.7 (35.4) 
Distal MTJ 
length 
Ultrasound 129.2 (13.9) 0.36 
(-0.42-0.87) Dissection 147.5 (12.9) 
Distal free 
tendon length 
Ultrasound 118.5 (19.7) 0.85 
 (-0.01-0.98) Dissection 109.2 (13.6) 
All measurements are in mm except for pennation angle (°) 
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All measurements are in mm except for pennation angle (°) 
 
 
 
Architectural parameter 
 
Healthy volunteer  
Mean (SD) 
 
Cadaver  
Mean (SD) 
 
Pennation angle  
 
13.2 (3.1)* 
 
10.7 (3.0) 
 
Fascicle length 
 
77.9 (14.0) 
 
76.6 (13.9) 
 
Muscle thickness 
 
27.9 (10.7)* 
 
14.9 (5.6) 
 
Total muscle-tendon length  
 
420.9 (18.1) 
 
415.8 (40.5) 
 
Total muscle length 
 
322.9 (17.1)* 
 
297.3 (24.0) 
 
Proximal MTJ length 
(including proximal tendon) 
 
248.3 (17.5)* 
 
217.9 (23.3) 
 
Distal MTJ length 
 
160.7 (16.7)* 
 
129.2 (13.9) 
 
Distal free tendon length 
 
98.0 (11.5) 
 
118.5 (19.7)* 
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